The subcooled flow boiling critical heat flux (CHF) for the flow velocities (u = 4.0 to 13.3 m/s), the inlet subcoolings (∆T sub, in = 130 to 161 K), the inlet pressure (P in = 812 to 1 315 kPa), the dissolved oxygen concentration (O 2 = 5.88 and 7.34 ppm) and the increasing heat input (Q 0 exp(t/τ), τ = 38.1 ms to 8.3 s) are systematically measured by the experimental water loop installed the pressurizer. The SUS304 tube of test tube inner diameter (d = 6 mm), heated length (L = 60 mm), L/d = 10 and wall thickness (δ = 0.5 mm) with the rough finished inner surface (Surface roughness, Ra = 3.18 µm) is used in this work. The CHF data for high heating rate were compared with the quasi steady state ones previously obtained and the values calculated by the steady state CHF correlations against outlet and inlet subcoolings. Transient CHF correlation against inlet subcooling has been given based on the experimental data for wide exponentially increasing heat input (Q 0 exp(t/τ), τ = 38.1 ms to 8.3 s). The influence of heating rate on CHF was investigated into details and the dominant mechanism of subcooled flow boiling critical heat flux for high heating rate was discussed.
Introduction
The influence of heating rate on subcooled flow boiling critical heat flux (CHF) is necessary to investigate the reliability of a divertor in a nuclear fusion facility for short pulse high heat flux test mode. Many researchers have experimentally studied the CHF uniformly heated on the test tube by a steadily increasing current (1) - (7) . We have already measured the steady state CHF, q cr, sub, st , for wide range of experimental conditions to establish the database for designing the divertor of a helical type fusion experimental device, which is Large Helical Device (LHD) located in the National Institute for Fusion Science, Japan (8) - (16) . And, we have given the following steady state CHF correlations against outlet and inlet subcoolings based on the effects of test tube inner diameter (d), flow velocity (u), outlet and inlet subcoolings (∆T sub, out and ∆T sub, in ) and ratio of heated length to inner diameter (L/d) on CHF. 
where, C 1 = 0.082, C 2 = 0.53 and C 3 = 0.7 for L/d ≤ around 40 and C 1 = 0.092, C 2 = 0.85 and C 3 = 0.9 for L/d > around 40. Bo, We, Sc and Sc* are boiling number (= q cr /Gh fg ), Weber number (= G 2 d/ρ l σ), nondimensional outlet subcooling (= c pl ∆T sub, out /h fg ) and non-dimensional inlet subcooling (= c pl ∆T sub, in /h fg ) respectively. Saturated thermo-physical properties were evaluated at the outlet pressure. The correlations against outlet and inlet subcoolings, Eqs. (1) and (2), can describe the authors' published steady state CHF data (2 147 points) for wide ranges of test tube inner diameters (d = 2 to 12 mm), heated lengths (L = 22 to 149.7 mm), L/d = 4.08 to 74.85, outlet pressures (P out = 159 kPa to 1.1 MPa), flow velocities (u = 4.0 to 13.3 m/s), dissolved oxygen concentration (O 2 = 8.63 to 0.026 5 ppm) and surface rough-ness (Ra = 3.18, 0.26 and 0.14 µm) within 15% difference for outlet subcoolings (∆T sub, out = 30 to 140 K) and inlet subcoolings (∆T sub, in = 40 to 151 K), although the CHF data (32 points) with the mirror finished inner surface (Ra = 0.14 µm) are distributed within −30 to +7.6% difference of Eq. (1) for 71.4 K ≤ ∆T sub, out ≤ 108.4 K (8) - (18) . The objectives of present study are fivefold. First is to measure the CHF for wide ranges of heating rate and flow velocity. Second is to clarify the influence of heating rate on the subcooled flow boiling CHF. Third is to confirm the application limit of the steady state CHF correlations against outlet and inlet subcooling, Eqs. (1) and (2), for the power transient. Fourth is to derive the transient CHF correlation against inlet subcooling based on the experimental data. Fifth is to discuss the mechanism of subcooled flow boiling critical heat flux in a short vertical tube. 
Experimental Apparatus and Method
The schematic diagram of experimental water loop installed the pressurizer is shown in Fig. 1 . The loop is made of SUS304 stainless steel and is capable of working up to 2 MPa. The loop has five test sections whose inner diameters are 2, 3, 6, 9 and 12 mm. Test sections were vertically oriented with water flowing upward. The test section of the inner diameter of 6 mm was used. The circulating water was distilled and deionized with about 5-MΩcm specific resistivity. The circulating water through the loop was heated or cooled to keep a desired inlet temperature by pre-heater or cooler. The flow velocity was measured by a mass flow meter using a vibration tube. The flow velocity was controlled by regulating the frequency of the three-phase alternating power source to the canned type circulation pump. The water was pressurized by saturated vapor in the pressurizer in this work. The pressure at the inlet of the test tube was controlled within ±1 kPa of a desired value by using a heater controller of the pressurizer.
The cross-sectional view of 6-mm inner diameter test section used in this work is shown in Fig. 2 . The test tube with rough finished inner surface (RF) is used. The rough finished inner surface was fabricated by annealing the test tube first in the atmosphere of air and was then acidized. Wall thickness of the test tube, δ, was 0.5 mm. The silvercoated 5-mm thickness copper-electrode-plates to supply heating current were soldered to the surfaces of the both ends of the test tube. The both ends of test tube were electrically isolated from the loop by Bakelite plates of 14-mm thickness. The test tube was also thermally insulated from atmosphere with a Bakelite block of 120 mm wide, 80 mm deep and 60 mm high. The test tube was heated with an exponentially increasing current supplied from a direct current source (Takasago Ltd., NL035-500R, DC 35 V-3 000 A) through the two copper electrodes shown in Fig. 3 . The common specifications of the direct current source are as follows. Constant-voltage (CV) mode regulation is 0.005% + 3 mV of full scale, CV mode ripple is 500 µV r.m.s. or better and CV mode transient response time is less than 200 µsec (Typical) against 5% to full range change of load. The transient CHF, q cr, sub , were realized by a exponentially increasing heat input to the test tube. At the CHF, the test tube average temperature rapidly increases. The current for the heat input to the test tube was automatically cut off when the measured average temperature increased up to the preset temperature, which was several tens of Kelvin higher than corresponding CHF surface temperature. This procedure avoided actual burnout of the test tube. Details of the preset temperature are shown in Appendix.
The transient average temperature of the test tube was measured with resistance thermometry participating as a branch of a double bridge circuit for the temperature measurement. The output voltages from the bridge circuit together with the voltage drops across the two electrodes and across a standard resistance were amplified and then were sent via a D/A converter to a digital computer. These voltages were simultaneously sampled at a constant time in- In case of the 6-mm inner diameter test section, before entering the test tube, the test water flows through the tube with the same inner diameter of the test tube to form the fully developed velocity profile. The entrance tube length, L e , is given 333 mm (L e /d = 55.5). The value of L e /d for d = 6 mm in which the center line velocity reaches 99% of the maximum value for turbulence flow was 21.9 by the correlation of Brodkey and Hershey (19) . The inlet and outlet liquid temperatures were measured by 1-mm o.d., sheathed, K-type thermocouples which are located at the centerline of the tube at the upper and lower stream points of 283 and 63 mm from the tube inlet and outlet points. The inlet and outlet pressures were measured by the strain gauge transducers, which were located near the entrance of conduit at upper and lower stream points of 63 mm from the tube inlet and outlet points. The thermocouples and the transducers were installed in the conduits as shown in Fig. 2 . The inlet and outlet pressures were calculated from the pressures measured by inlet and outlet pressure transducers as follows.
Experimental errors are estimated to be ±1 K in inner tube surface temperature and ±2% in heat flux. Inlet flow velocity, inlet and outlet subcoolings, inlet and outlet pressures were measured within the accuracy ±2%, ±1 K and ±1 kPa respectively.
Experimental Results and Discussion

1 Experimental conditions
Transient critical heat flux caused by exponentially increasing heat inputs, Q 0 exp(t/τ), was measured for the test tube. The exponential period, τ, of the heat input ranged from 38.1 ms to 8.3 s. The decrease of period means an increase in the rate of heat input increase. The initial experimental conditions such as inlet flow velocity, inlet and outlet subcoolings, inlet and outlet pressures, dissolved oxygen concentration and exponential period for the flow boiling CHF experiments were determined independently each other before each experimental run.
The figures, the q cr, sub at a fixed flow velocity is almost constant for the periods from 800 ms to 8.3 s and it becomes higher with the decrease in period from around 800 ms. The CHF become higher with an increase in flow velocity at a fixed exponential period. Figures 6 and 7 show the ratios of the steady state CHF data for the periods of around 8 s obtained in this work (25 points) to the corresponding values calculated by Eqs. (1) and (2) 
2. 1 Steady state
2. 2 Influence of heating rate
The experimental results for the ratios of the difference between the transient CHF, q cr, sub , and the steady state ones, q cr, sub, st , to the q cr, sub, st are shown versus non-dimensional period, τu/{σ/g/(ρ l − ρ g )} 0.5 , at the outlet pressure of around 800 and 1 100 kPa with the flow velocity ranging from 4.0 to 13.3 m/s in Figs. 8 and 9 respectively. The ratios become linearly higher with the decrease in the τu/{σ/g/(ρ l − ρ g )} 0.5 . The slope on the log-log graph kept almost constant about −0.6 with the flow velocity ranging from 4.0 to 13.3 m/s. These data can be expressed by the following empirical correlation (20) , (21) .
The correlation can almost describe the CHF data (108 points) for the inner diameter of 6 mm at the outlet pressure of around 800 and 1 100 kPa obtained in this work within 30% difference for 130 K ≤ ∆T sub, in ≤ 161 K as shown in Figs. 8 and 9 .
3 Transient CHF correlation
The ratios of transient CHF data for wide exponential period (108 points) to the corresponding values calculated by the steady state CHF correlation against inlet subcooling, Eq. (2), are almost constant for the τu/{σ/g/(ρ l − ρ g )} 0.5 greater than around 1 500 and equivalent to unity, and it becomes higher with the decrease in non-dimensional period from around 1 500. And the values of the transient CHF almost become two times as large as the steady state ones at the non-dimensional period of 57.8. The transient CHF correlation against inlet subcooling for wide exponentially increasing heat input (Q 0 exp(t/τ), τ = 38.1 ms to 8.3 s) is derived as follows based on the effect of the non-dimensional period clarified in this work (20) , (21) . 
where, C 1 = 0.082, C 2 = 0.53 and C 3 = 0.7 for L/d ≤ around 40 and C 1 = 0.092, C 2 = 0.85 and
The ratios of transient CHF data for wide exponential period (108 points) to the corresponding values calculated by the transient CHF correlation against inlet subcooling, Eq. (6), are shown versus the non-dimensional period, τu/{σ/g/(ρ l − ρ g )} 0.5 , in Fig. 10 . Most of the data for increasing heat input (Q 0 exp(t/τ), τ = 38.1 ms to 8.3 s) are within 15% difference of Eq. (6).
4 Discussion
Even in the steady state CHF experiments, the test tube is sometimes heated by increasing a current step by step. The step increase of the heat input induces instantaneously a very high heating rate in the test tube. We have supposed before this study that heating rate will affect the incipient boiling superheat and the nucleate boiling heat transfer up to the CHF. Incipient boiling superheat may shift to a high value at a high heating rate, and direct transition to film boiling already observed in liquid nitrogen and water by Sakurai et al. (22) may occur in such a case. That may be the cause of very low published data (3) , (6), (7) that were about a half or lower of those given by our CHF equation (14) - (16) . However, the q cr, sub at a fixed flow velocity is almost constant for the exponential period lager than 800 ms and it becomes monotonously higher with the decrease in period from around 800 ms. And no direct transition to film boiling and no trend of a decrease in CHF with a decrease in the exponential period in smaller exponential period range was observed on the rough finished surface (R a = 3.18 µm) used here even at the highest heating rate (Q 0 exp(t/τ), τ = 38.1 ms) and the lowest dissolved oxygen concentration (O 2 = 5.88 ppm).
Conclusions
The transient critical heat flux (CHF) of subcooled water flow boiling for the inner-diameter (d = 6 mm), the heated length (L = 60 mm) and L/d = 10 with the inner surface of rough finished are systematically measured for the dissolved oxygen concentration (O 2 = 5.88 and 7.34 ppm) with the flow velocities (u = 4.0 to 13.3 m/s), the inlet subcoolings (∆T sub, in = 130 to 161 K), the outlet subcoolings (∆T sub, out = 99.3 to 151 K), the inlet pressure (P in = 812 to 1 315 kPa), the outlet pressure (P out = 801 to 1 293 kPa) and the exponentially increasing heat input (Q 0 exp(t/τ), τ = 38.1 ms to 8.3 s). Experimental results lead to the following conclusions.
( 1 ) The q cr, sub at a fixed flow velocity is almost constant for the periods from 800 ms to 8.3 s and it becomes higher with the decrease in period from around 800 ms. The CHF become higher with an increase in flow velocity at a fixed exponential period.
( 2 ) The steady state CHF data for the periods of around 8 s obtained in this work (25 points) for ∆T sub, out and ∆T sub, in are within 15% difference of Eqs. (1) and (2) ( 4 ) The correlation expressed by the ratios of the difference between the transient CHF, q cr, sub , and the steady state ones, q cr, sub, st , to the q cr, sub, st can almost describe the CHF data (108 points) for the inner diameter of 6 mm at the outlet pressure of around 800 and 1 100 kPa obtained in this work within 30% difference for 130 K ≤ ∆T sub, in ≤ 161 K.
( 5 ) The ratios of transient CHF data for wide exponential period (108 points) to the corresponding values calculated by the steady state CHF correlation against inlet subcooling, Eq. (2), are almost constant for the nondimensional period, τu/{σ/g/(ρ l − ρ g )} 0.5 , greater than around 1 500 and equivalent to unity, and it becomes higher with the decrease in non-dimensional period from around 1 500. And the values of the transient CHF almost become two times as large as the steady state ones at the non-dimensional period of 57.8.
( 6 ) The transient CHF correlation against inlet subcooling for wide exponentially increasing heat input (Q 0 exp(t/τ), τ = 38.1 ms to 8.3 s) is derived based on the effect of the non-dimensional period clarified in this work.
Most of the data (108 points) for increasing heat input (Q 0 exp(t/τ), τ = 38.1 ms to 8.3 s) are within 15% difference of the authors' correlation. perature
The subcooled flow boiling heat transfer (HT) and transient critical heat flux (CHF) for wide ranges of the flow velocity, the inlet subcooling, the inlet pressure and the exponentially increasing heat input (Q 0 exp(t/τ)) are systematically measured. And we have given the steady state CHF correlations against outlet and inlet subcoolings based on the effects of test tube inner diameter (d), flow velocity (u), outlet and inlet subcoolings (∆T sub, out and ∆T sub, in ) and ratio of heated length to inner diameter (L/d) on CHF. The relation between the steady state CHF, q cr, sub, st , and the average temperature of the test tube at CHF, (T av ) cr , for a given experimental condition could be roughly estimated by using boiling curve database and CHF correlation. The power trip temperature (preset temperature) is given as follows.
where, α is increased step by step from 0 to some hundred Kelvin until the measured heater surface temperature rapidly jumps from the nucleate boiling heat transfer regime to the film boiling one. The maximum value of the heat flux, q, which is larger than the q cr, sub, st is given and that of the heat input per unit volume, Q v , for the test tube is calculated as follows. q = q cr, sub, st +∆q (A.2)
The electrical resistance of the test tube is measured at various temperatures before each experiment and the relationship between the electrical resistance and temperature is calibrated by following approximate form. The schematic of a double bridge circuit is shown in Fig. 3 The double bridge circuit is balanced for small current at a liquid temperature. When the direct current is supplied to the test tube, the electrical resistance of the test tube increases. As a result, the unbalance voltage, V T , is expressed by means of Ohm's low. The power trip voltage, (V T ) TRIP , at the power trip temperature is calculated as the following form.
The value of (V T ) TRIP is given the comparator in Fig. 3 as the preset temperature to avoid test tube damage. This procedure avoided actual burnout of the test tube.
